Introduction {#s0005}
============

Prostate cancer (PCa) development, growth and metastasis depends initially on androgens, therefore androgen deprivation therapy (ADT) is the first line of treatment for metastatic PCa. However, despite initial response the majority of these patients eventually relapse, giving rise to castration resistant prostate cancer (CRPC) [@bb0005]. Many factors play different roles in PCa progression to CRPC including: (i) chromosomal aberrations, with deletion of chromosomal segments and some amplifications [@bb0010], (ii) inactivating mutations in tumor suppressors, including the phosphatase and tensin homolog (PTEN) [@bb0015] and the p53 gene at around 30% of the cases [@bb0020], (iii) overexpression of oncogenes (or proto-oncogenes) such as epidermal growth factor receptor (EGFR) or MYC [@bb0025] and (iv) activation of cancer specific pathways decreasing apoptosis, increasing proliferation and affecting differentiation, such as those downstream of phosphatidylinositol 3-kinase (PI3K) and Ras [@bb0030].

There are three main causes for the increased expression of certain factors with PCa progression -- (i) increased transcription, (ii) increased translation and (iii) decreased internalization and degradation. Among the various factors that contribute to the progression of PCa, one in particular shows increasing relevance, which is the deregulation of protein synthesis control [@bb0035]. Protein overexpression is commonly observed in cancer, conferring its ability to increase proliferation or decrease apoptosis rapidly. Expressions of several proteins have been linked with oncogenesis, such as Myc, Ras and Cyclin D1. To increase protein expression, cancer cells alter the cellular translational machinery, a case in point is ErbB3, a member of the EGFR family of receptor tyrosine kinases (RTK), which shows no change at the mRNA level between normal prostate and prostate cancer, but display significantly higher protein expression in PCa compared to normal prostate [@bb0040]. In this review, we will discuss the role of mRNA translation mechanisms in the progression of prostate cancer to a castration resistant state.

Mechanisms of mRNA Translation Initiation {#s0010}
=========================================

Translation of proteins in eukaryotes occurs in three phases: initiation, elongation and termination. Initiation is usually the phase implicated in cancer development and progression [@bb0045]. During initiation, several eukaryotic initiation factors (eIFs) bring together the first transfer RNA (tRNA), the small ribosomal subunit (40S) and the mRNA. This pre-initiation complex scans the 5' untranslated region (5'UTR) in the 5′ to 3′ direction of the mRNA with the methionyl tRNA specialized for initiation (Met-tRNAi) in search of the startcodon, usually (but not always) AUG [@bb0045]. Once the start codon is recognized, the eIFs are separated from the complex and the large ribosomal subunit (60S) joins the complex to form the elongation competent 80S ribosome.

After the reading frame for the protein is determined, the elongation phase starts recruiting aminoacylated tRNAs to the first binding site, adding amino acids in a chain regulated by eukaryotic elongation factors (eEFs), binding them by peptide bonds until a stop codon is recognized and the synthesis is terminated, releasing the 60S ribosome from the complex and dissociating it into its subunits to be recycled into another round of protein synthesis ([Figure 1](#f0005){ref-type="fig"}*A*). All steps of protein synthesis are strictly regulated but a large part of the translational control is observed in the initiation step [@bb0050].Figure 1(A) Steps of eukaryotic protein translation. At initiation, the eukaryotic translation initiation complex eIF4F, bound to the small ribosomal subunit 40S scans the messenger RNA (mRNA) for the start codon, when then the big ribosomal 60S subunit binds the complex to initiate translation. At Elongation, amynoacylated transfer RNAs (tRNA) bring together amino acids to be bound together by eukaryotic elongation factors (eEFs) through peptide bonds forming a chain. In the termination phase, the stop codon is read by the complex, releasing the large ribosomal subunit and terminating synthesis. (B) Protein translation initiation mechanisms. Cap-dependent initiation takes place with binding of the eIF4E to the m7G 5′ PCa of the mRNA and bringing together all proteins to form the eIF4F protein translation initiation complex. Alternatively, Cap-independent translation, or translation initiation by internal ribosomal entry site (IRES) does not need the mRNA PCa binding to eIF4E, utilizing a group of proteins named IRES trans-activating factors (ITAFs).Figure 1

Eukaryotic mRNA translation initiation starts with the binding of the eukaryotic initiation factor 4E (eIF4E) to the mRNA 5′-cap structure, which consists of a 7-methyl-guanosine triphosphate (m^7^G) moiety linked to the first nucleotide via a 5′-5′ triphosphate bridge. Subsequently, eIF4E-mRNA binds to the scaffolding protein eIF4G and the helicase eIF4A forming the eIF4F translational complex, facilitating the approximation of the small ribosomal subunit, completing the formation of the 48S pre-initiation complex [@bb0055].

Another component that allows cap-independent translation initiation is the internal ribosome entry site (IRES), a mechanism that recruits the 40S ribosomal subunit to initiate translation without the necessity of the cap-binding protein eIF4E. This process is facilitated by a group of proteins named IRES trans-acting factors (ITAFs) that do not participate in the canonical cap-dependent translation initiation. This mechanism is better understood and extensively studied in viral organisms, and is still a matter of debate and controversy in cellular translation [@bb0060], but there are lines of evidence where highly 5′ UTR structured mRNAs containing IRES promotes IRES translation in stress conditions when cap-dependent is decreased ([Figure 1](#f0005){ref-type="fig"}*B*) [@bb0060], [@bb0065].

The mTOR Pathway {#s0015}
================

mTOR is an atypical serine/threonine kinase and a member of the phosphatidylinositol 3-kinase-related kinase (PIKK) family that acts downstream of the phosphatidylinositol 3-kinase (PI3K)/AKT pathway. MTOR partakes in various functions as part of two complexes, mTORC1 and mTORC2, depending on its binding proteins ([Figure 2](#f0010){ref-type="fig"}). Both complexes share the mTOR protein, mLST8/G-protein β-subunit-like protein (GβL), the Tti1/Tel2 complex which likely stabilizes the complex [@bb0070] and the Disheveled, EGL-10 and pleckstrin (DEP) domain-containing mTOR-interacting protein (DEPTOR). DEPTOR is thought to be an inhibitor of mTORC1 [@bb0075], although the mechanism by which it inhibits this complex is unknown. mTORC1 has additionally the regulatory associated protein or mTOR (RAPTOR) and a 40kDa pro-rich Akt substrate (PRAS40) whereas mTORC2 consists of the rapamycin insensitive companion of mTOR (RICTOR), the mammalian stress-activated map kinase-interacting protein 1 (mSIN1) and the protein observer of RICTOR (PROTOR).Figure 2Scheme of PI3K/Akt/mTOR pathway depicting both complexes mTOR protein takes part in, mTORC1 and mTORC2. MTORC1 increases protein translation through phosphorylation of its two direct targets, 4EBP1 and P70S6K. While P70S6K induces protein translation through activation of the S6 ribosomal protein, 4EBP1 phosphorylation promotes protein synthesis by releasing eIF4E that can then bind to eIF4G to form, along with other proteins, the initiation complex eIF4F.Figure 2

The mTOR complexes have distinct functionalities in the cell. While mTORC2 is implicated in cytoskeletal organization, glucose and lipid metabolism [@bb0080], mTORC1 affects cellular proliferation, growth, autophagy and protein synthesis [@bb0085]. mTORC1 is activated by the PI3K/AKT pathway where activated AKT disrupt the tuberous sclerosis protein (TSC) 1/2 complex formation ([Figure 3](#f0015){ref-type="fig"}), a repressor of the small GTPase Rheb, which phosphorylates mTORC1 at Ser2448 [@bb0090]. Upon activation, mTORC1 increases mRNA translation by phosphorylating its downstream molecules p70S6 kinase (p70S6K) and eukaryotic initiation factor 4E (eIF4E) binding protein 1 (4E-BP1). The phosphorylation of p70S6K enhances translation of mRNAs encoding ribosomal proteins, elongation factors and insulin growth factor 2 [@bb0095]. 4EBP1 phosphorylation causes its dissociation from the eukaryotic translation initiation factor 4E (eIF4E), allowing the latter to bind to the scaffolding protein eIF4G, that along with the RNA helicase eIF4A forms the translation initiation complex eIF4F ([Figure 4](#f0020){ref-type="fig"}). EIF4E is significantly less abundant than the other proteins that form the eIF4F complex, hence it\'s expression and activation are rate-limiting factors in translation initiation [@bb0100].Figure 3Mechanism of PI3K activation of mTOR proteins. Upon activation by transmembrane cell receptors, PI3K produces phosphatidylinositol trisphosphate (PIP3) from phosphatidylinositol biphosphate (PIP2), which PTEN reverses. PIP3 recruits proteins with pleckstrin homology domain such as PDK1 which phosphorylates Akt at Thr308. Akt phosphorylates and disrupts the complex Tuberous sclerosis complex 1/2 (TSC1-TSC2) which activates the GTPase activity of Rheb and phosphorylate and activate mTOR.Figure 3Figure 4Formation of the translation initiation complex eIF4F. Upon phosphorylation, 4EBP1 releases eIF4E, which binds to the 5′ PCa of the mRNA and brings to the scaffolding protein eIF4G that along with the mRNA helicase eIF4A forms the initiation complex eIF4F. Within this complex, the MAP kinase-interacting kinase (Mnk), which is phosphorylated by the P38 MAPK and ERK, is brought to proximity to its substrate eIF4E, phosphorylating it at Ser209.Figure 4

mTOR is activated by different extracellular stimuli such as nutrients, growth factors, hormone availability and intracellular activation of signaling pathways like the PI3K/ATK and Ras-related small GTP-binding proteins [@bb0105]. The mTOR pathway has been implicated in the drive and maintenance of cell survival and proliferation of different types of cancer cells [@bb0110], [@bb0115] and in epithelial derived cancers such as PCa, the PI3K/mTOR pathway is notoriously hyperactive [@bb0120]. Many factors contribute to the aberrant activation of mTOR pathway elements, such as PI3K amplification, PTEN loss of function or deletion and AKT, S6K1, 4EBP1 and eIF4E overexpression [@bb0090]. In a murine model of prostate cancer, Akt overexpression led to activation of p70S6K, increase in prostate epithelial cell size and development of prostatic intraepithelial neoplasia (PIN), a precursor of prostatic carcinoma [@bb0125]. PTEN conditional knockout in mice also decrease latency for PIN formation, and progression to invasive adenocarcinoma with subsequent formation of metastatic prostate cancer [@bb0130]. mTOR protein itself is also essential for PTEN null prostate cancer and conditional deletion of mTOR decrease tumor formation in this mouse model [@bb0135]. A recent report showed that in PTEN deficient tumors, hypoxia prevents 4EBP1 dephosphorylation and increases 4E-BP1 binding to eIF4E, which suppresses translation [@bb0140]. Taken together, these reports indicate an important role for the PTEN/PI3K/Akt pathway in mRNA translation.

Sitting at the translational end of the mTOR pathway, eIF4E plays an important role in cap-dependent translation. Elevated levels of eIF4E enhances translation of mRNA with lengthy and high structured 5' untranslated regions, such as c-myc, cyclin-D1 and survivin [@bb0145], and is also related to poor prognosis in prostate cancer [@bb0150]. Thus, eIF4E is likely to be an important player in the regulation of prostate cancer progression.

Mechanism of eIF4E phosphorylation by Mnk {#s0020}
=========================================

As the least abundant protein that form the initiation complex eIF4F, eIF4E is considered to be the rate limiting component in binding and cap-dependent translation of certain mRNAs [@bb0100]. Phosphorylation of eIF4E occurs by only two known kinases, MAP kinase-interacting kinases (Mnk1 and Mnk2), and is observed when both Mnk and eIF4E are bound respectively to the C and N-terminal portion of the scaffolding protein eIF4G facilitating the approximation of these two proteins [@bb0155]. The phosphorylation of eIF4E by Mnks was initially thought to increase its affinity to the m7G cap [@bb0160]; however, this idea was refuted when it was demonstrated that phosphorylated eIF4E binds with lower affinity to the cap [@bb0165]. Corresponding investigations in plants also showed that phosphorylation of plant eIF4E (eIFiso4E) decreased the kinetic rate (2-fold) and increased the dissociation rate (2-fold) of binding to the m7G cap as compared to non-phosphorylated eIFiso4E binding at 22°C [@bb0170]. As early as 2002, it had been proposed that eIF4E phosphorylation likely enables a conformational change in the molecule which prevents it from binding to the m7G cap [@bb0175]. However, this may not limit the level of translation, but may change the mode of translation from a cap-dependent to a cap-independent one. The Mnks are activated by phosphorylation of two threonine residues. Mnk1 displays low activity in resting cells and is highly responsive to agents that activate its upstream kinases ERK or p38 MAPK. In contrast, Mnk2 has a high basal activity, but is less responsive to ERK/p38 MAPK activating agents [@bb0180]. P38 MAPK and ERK mediated phosphorylation of Mnk1 not only activates its kinase activity but also moderates the interaction of Mnk1 with the scaffolding protein eIF4G [@bb0185].

There has been previous evidence that MAPKs activate Mnk1 to induce phosphorylation of eIF4E, whereas Mnk2 mainly contributes to eIF4E\'s basal, constitutive phosphorylation [@bb0190]. On the other hand, it is suggested by different reports that Mnk2 knock down, but not Mnk1, decreased rapamycin mediated eIF4E phosphorylation suggesting that this phosphorylation is dependent on Mnk2 [@bb0195], [@bb0200] but neither of the Mnks are essential for development as double Mnk1/2 knockout mice have normal phenotype [@bb0190].

Mnks are known to have functions outside of their action in phosphorylation of eIF4E. In fact, activation of the Raf-MEK-ERK1/2 signals induced IRES-mediated translation that is dependent on MNK1/2 that was independent of either eIF4G or eIF4E [@bb0205]. In contrast, MNK enabled IRES-mediated translation through negative regulation of the Ser/Arg (SR)-rich protein kinase (SRPK) [@bb0205] via mTORC2 and AKT. The resulting suppression of AKT signaling attenuates SRPK activity to enhance IRES-dependent translation [@bb0210]. Although these observations were made in viral systems, there is ample evidence that they may be observed in mammalian systems as well. MNK also can sustain mTORC1 activity upon rapamycin treatment and contribute to mTORC1 signaling following T cell activation and growth stimuli in cancer cells [@bb0215]. MNK engages in a complex with mTORC1, promotes mTORC1 association with TEL2, and facilitates mTORC1 binding to its substrate [@bb0215]. Thus, Mnks can regulate mTORC1 enzymatic activity.

EIF4E Phosphorylation in Prostate and Prostate Cancer {#s0025}
=====================================================

Increased eIF4E and its Phosphorylation in Prostate Cancer {#s0030}
----------------------------------------------------------

Early studies indicated that eIF4E levels were significantly overexpressed in prostate cancer (78%) [@bb0220]. eIF4E levels were strongly correlated with VEGF and cyclin D1 in the prostate (Spearman\'s r=0.46 and 0.54, p\<0.005), suggesting a role for eIF4E in translational regulation of proteins related to angiogenesis and growth [@bb0220]. Immunohistochemical analysis of 148 tissues from 89 PCa patients showed that eIF4E expression is increased in advanced PCa compared to benign prostatic hyperplasia (BPH) [@bb0225]. Increased eIF4E expression was also significantly related to reduced patient survival, and is related to increased eIF4E activation [@bb0225]. Increased phosphorylation of eIF4E correlate with disease progression in PCa patients [@bb0150]. We recently showed that eIF4E phosphorylation in localized PCa samples strongly correlated with the cell proliferation marker Ki67, which supports a role for eIF4E phosphorylation in this disease [@bb0230]. These studies indicate a strong role for eIF4E and eIF4E phosphorylation in human PCa progression.

Cell line and animal studies also support an important role for eIF4E and eIF4E phosphorylation in this disease. PTEN is a commonly deleted gene in prostate cancer. In PCa cells with intact PTEN, which can effectively counter the PI3K/AKT/mTOR pathway, Mnk-dependent phosphorylation of eIF4E is elevated whereas it is low in cells that express a mutant PTEN and constitutively active Akt/mTOR pathway [@bb0235]. It is likely that this effect of PTEN reflects the convergence of the PI3K/Akt and the Ras/MAPK pathways on eIF4E and the balance between the two pathways. Therefore, in PTEN-positive tumors where the PI3K/Akt pathway is suppressed, the Ras/MAPK pathway that activates Mnk phosphorylation plays a more important role, resulting in higher levels of eIF4E phosphorylation, despite lower availability of eIF4G bound eIF4E due to lower 4E-BP1 phosphorylation.

mRNAs that encode components of the translational apparatus carry a common *cis*-regulatory element, the 5′-**T**erminal **O**ligo**P**yrimidine motif (5′TOP); these mRNAs are referred to as TOP mRNAs. They are identified by a sequence of 6--12 pyrimidines at the 5′ end and are characterized by a growth-associated translational regulation. All vertebrate genes for the 80 ribosomal proteins are TOP genes. Remarkably, inhibition of Mnk and therefore eIF4E phosphorylation strongly reduced the polysomal recruitment of terminal oligopyrimidine messenger RNAs (TOP mRNAs), which are known targets of mTOR-dependent translational control [@bb0235]. This indicates a necessary role of eIF4E phosphorylation in translation mechanisms downstream of mTOR in the translation of the TOP mRNAs ([Figure 5](#f0025){ref-type="fig"}). Recent studies have also implicated LA-related protein 1 (LARP1), which competes with eIF4F for binding to mRNA 5\' ends [@bb0240], [@bb0245], [@bb0250]. In addition to TOP mRNAs, some other mRNAs regulating important functions, such as some cell cycle proteins are similarly regulated. Microarray analysis showed that Mnk affected translation of mRNAs involved in cell cycle progression and inhibition of both mTOR and Mnk was needed to fully inhibit mRNA translation into protein, suggesting that the two pathways had parallel and perhaps competing roles in the synthesis of these proteins ([Figure 5](#f0025){ref-type="fig"}) [@bb0235].Figure 5Both mTOR and eIF4E phosphorylation are needed for polysomal recruitment of terminal oligopyrimidine messenger RNAs (TOP mRNA). Inhibition of mTOR by rapamycin prevents polysomal recruitment of TOP mRNA. However, rapamycin also induced the phosphorylation of eIF4E at S209, which was also needed for TOP mRNA recruitment. This shows that inhibition of the PI3K/Akt/mTOR pathway moved signal transduction towards a Ras/MAPK pathway, resulting in an increase in eIF4E phosphorylation. Therefore, both rapamycin and an Mnk inhibitor were needed to completely inhibit protein translation.Figure 5

In a series of elegant experiments, Furic et al. [@bb0150] developed a knock-in mouse expressing a nonphosphorylatable form of eIF4E. This knock-in mouse that could not be phosphorylated was resistant to tumorigenesis by Ras overexpression or PTEN loss in an animal model of PCa progression, while control mice that did express phosphorylated eIF4E developed tumors. These studies unquestionably demonstrated the tumorigenic potential of eIF4E phosphorylation. However, abrogating eIF4E phosphorylation alone did not reduce cell proliferation rates demonstrating that eIF4E phosphorylation needs to cooperate with other oncogenic processes to promote tumorigenicity. They also show a significant role of mTOR in regulating eIF4E phosphorylation. Genome-wide analysis of translated mRNAs showed that the phosphorylation of eIF4E is required for translational of several proteins implicated in tumorigenesis, and that eIF4E phosphorylation increases the efficiency of translation of the mRNAs associated with these proteins [@bb0150]. This article sheds considerable light on the mechanism by which eIF4E phosphorylation works.

Other commonly upregulated oncogenes in advanced prostate cancer are c-Myc and Akt. It has been shown that cells expressing the oncogenes Myc and myristoylated AKT can initiate heterogeneous tumors in a prostate cancer model [@bb0255]. The resulting tumors were acinar-type adenocarcinoma with elevated eIF4E-driven mRNA translation, indicating a close relationship between c-myc and Akt activation, and increased eIF4E [@bb0255]. These tumors also expressed the metastasis associated protein MTA1, a transcriptional co-regulator that is part of the histone-deacetylase multiprotein complex, and Sox2, a transcription factor that controls self-renewal of stem cells. These two transcription regulators are known targets of eIF4E-driven cap-dependent translation that are normally expressed in self-renewing basal cells but not benign luminal cells. These findings suggest that eIF4E may promote cell survival and self-renewal in conjunction with c-myc and myristoylated Akt [@bb0255]. While these studies show myc-regulation of eIF4E, other studies have shown that c-Myc protein expression is also regulated by eIF4E expression and hence by cap-dependent translation, although not in prostate cancer [@bb0260]. Elevated protein levels of c-Myc due to increased eIF4E activity is also observed in genetically defined human mammary epithelial cells that are made resistant to the mTOR/PI3K dual inhibitor BEZ235 [@bb0265]. Together, these studies show a positive correlation between c-myc and eIF4E in prostate cancer progression. Based on the studies noted above, it appears that eIF4E phosphorylation enhances the rate of translation of oncogenic mRNAs, thereby increasing tumorigenicity.

Relationship Between eIF4E Phosphorylation and Androgen Receptor Activation {#s0035}
---------------------------------------------------------------------------

PCa progression is strongly regulated by the androgen receptor (AR), which is activated by binding of its ligands, the androgens [@bb0270]. Studies revealed that increase of eIF4E was linked to progression to castration resistance in experimental models [@bb0225]. We showed that activation of the AR suppresses eIF4E phosphorylation whereas inhibition of AR with anti-androgens and AR inhibitors stimulated eIF4E phosphorylation [@bb0230]. Knockdown of eIF4E by siRNA or Mnk inhibitors sensitized CRPC cells to bicalutamide, whereas eIF4E overexpression induced resistance to this anti-androgen. Downstream targets of eIF4E-mediated translation, such as survivin, showed that eIF4E(S209) phosphorylation increased cap-independent translation, whereas its inhibition restored cap-dependent translation. Our results demonstrate three main points: (i) inhibition of AR increased eIF4E phosphorylation (ii) the increase in eIF4E phosphorylation at S209 as a result of AR inhibition induced cap-independent translation and (iii) simultaneous inhibition of eIF4E phosphorylation and mTOR activation was effective in suppressing tumor growth by inhibiting both cap-dependent and --independent translation caused by progression to CRPC.

Our results do not elucidate the mechanism by which AR inhibition may lead to an increase in eIF4E phosphorylation, but there are other published reports that may fill in these details. Heat shock protein 27 (Hsp27) is a small heat shock protein that acts as a molecular chaperone to maintain denatured proteins in a folding-competent state [@bb0275], [@bb0280]. Reports show that Hsp27 plays a significant role in the regulation of AR transcriptional activity in prostate cancer cells [@bb0285], [@bb0290]. This effect of Hsp27 on the AR may be mediated by PKD1 [@bb0295]. It has been shown that both androgen withdrawal and chemotherapy causes an increase in Hsp27, and this causes a simultaneous increase in eIF4E protein but not mRNA levels [@bb0300]. This effect is mediated by cytoprotection provided by Hsp27 which binds to eIF4E and prevents its degradation [@bb0300]. Therefore, bicalutamide may cause an increase in eIF4E phosphorylation by inducing an increase in Hsp27, which in turn causes an increase in eIF4E phosphorylation simply by preventing its dephosphorylation.

Various laboratories have taken advantage of the significant increase in eIF4E phosphorylation upon AR inhibition and have developed various drugs that dually target both the AR and Mnk, in an effort to prevent the increase in eIF4E phosphorylation caused by AR inhibition. In androgen-dependent LNCaP cells, the dual AR/Mnk inhibitor VNLG-152 was shown to simultaneously inhibit both eIF4E phosphorylation and AR transcriptional activity by promoting post-translational degradation of these proteins [@bb0305]. Other dual AR/Mnk degration inducers VNHM-1-81, VNHM-1-66 and VNHM-1-73 suppressed Mnk activation and induced degradation of both full-length AR and AR splice variants [@bb0310]. Therefore, these classes of drugs appear to be poised to generate traction regarding the possible role of dual AR/Mnk inhibitors in preventing PCa progression.

EIF4E-Driven Resistance to mTOR Inhibitors in Prostate and Other Cancers {#s0040}
========================================================================

mTOR deregulation is observed in multiple cancers; therefore mTOR inhibitors have been used in clinical trials in many of them [@bb0315], [@bb0320], [@bb0325]. The first mTOR inhibitor was rapamycin (sirolimus), a macrolide compound primary used as antifungal agent until its immunosuppressive and anti-proliferative properties were discovered [@bb0330]. Due to poor bioavailability of rapamycin, rapamycin analogs (rapalogs) have been developed, such as temsirolimus (CCI-779), everolimus (RAD001) and ridaforolimus (AP-23573) [@bb0335]. Both everolimus and temsirolimus are FDA-approved for advanced renal carcinoma, but other tumors where mTOR inhibitors have been tried as single agents have displayed significant resistance to their use. One major player in this resistance is overexpression or increased phosphorylation of eIF4E by Mnk1/2. Recent clinical studies using the dual mTORC1/mTORC2 inhibitor MLN128 failed to affect eIF4E activity and offered limited clinical efficacy at tolerable toxicity levels [@bb0140].

Rapamycin binds to the FK506 binding protein 12 (FKBP12) and the complex then binds to and inhibits mTORC1 [@bb0340], but not mTORC2 [@bb0345]. Rapamycin is known to inhibit cell growth in multiple prostate cancer cell lines and affect the expression of various signaling proteins, including eIF4E [@bb0350], [@bb0355]. Despite downregulating the phosphorylation of the mTOR substrates p70S6K and 4E-BP1, rapamycin nevertheless upregulates the phosphorylation of both Akt (at S473) and eIF4E (at S209) [@bb0355]. Rapamycin-induced eIF4E phosphorylation is dependent on the expression of mTOR protein and it\'s binding with RAPTOR in the mTORC1 complex but not RICTOR in the mTORC2 complex ([Figure 5](#f0025){ref-type="fig"}) [@bb0200]. Although 4EBP1 levels limit the availability of eIF4E to bind and form the protein translational complex eIF4F, rapalog-mediated eIF4E phosphorylation is independent of 4EBP1 [@bb0355].

PI3K, which does not directly interact with eIF4E, was also demonstrated to be critical for its phosphorylation, as its knock down prevents the effects of rapamycin on eIF4E [@bb0360]. The increase in eIF4E (S209) phosphorylation stimulated cell growth, but this effects of eIF4E phosphorylation could be overcome by the PI3K inhibitor LY294002 [@bb0355]. eIF4E related resistance is also reported in other cancers such as small-cell lung carcinoma, in which rapalog-insensitive strains express high levels of eIF4E and MYC [@bb0365]. Also, in colorectal cancer cells, increased expression and phosphorylation of eIF4E is necessary and sufficient for acquired resistance to the mTOR inhibitor AZD8055, showing augmented cap-dependent translation even in the presence of the drug [@bb0370].

Unlike PI3K, Akt, a downstream target of PI3K, was ruled out as a mediator of rapamycin induced eIF4E phosphorylation as its knock down increased eIF4E phosphorylation, proving it to be a negative regulator of eIF4E phosphorylation [@bb0360]. This supports the hypothesis put forth in [Figure 5](#f0025){ref-type="fig"}, that inhibitors of the Akt/mTOR pathway shift the balance toward Ras/MAPK activation downstream of PI3K. However, eIF4E phosphorylation due to rapamycin treatment is also independent of MAPK pathway, since neither the MEK inhibitor U0126, the p38 inhibitor SB203580 nor the Rsk1 inhibitor BI-D1870 prevented the increase in Ser209 phosphorylation upon rapamycin treatment, despite the fact that eIF4E phosphorylation is regulated by Mnk which itself is phosphorylated by the MAPKs [@bb0360]. Since Mnk is the only kinase known to phosphorylate eIF4E at S209, these seemingly contradictory reports can be reconciled if rapamycin induced Mnk phosphorylation by a mechanism that is independent of MAPK activation.

Increased Mnk-eIF4E Activity Results in Chemoresistance of Prostate and Other Cancers {#s0045}
=====================================================================================

The involvement of Mnk in eIF4E phosphorylation and its implications in cancer are elegantly reviewed recently [@bb0375], but there are several other reports that demonstrate the Mnk-eIF4E axis role in acquired resistance to specific targeted therapies. Various drugs used or tested in prostate cancer has shown significant dependence of their response on eIF4E phosphorylation status. Similar to androgen withdrawal, resistance to chemotherapy was also traced to elevated levels of eIF4E expression, also by a mechanism mediated by Hsp27 [@bb0300]. A recent study demonstrated that eIF4E interacts with the C-terminal part of Hsp27 [@bb0380]. Loss of this interaction increased chemosensitivity of prostate cancer cells and the phenazine derivative 14 as the compound able to efficiently interfere with this protein/protein interaction [@bb0380]. In addition, chemotherapy agents such as temozolomide (TMZ), used in medullary thyroid carcinoma (MTC), were shown to increase Mnk phosphorylation of eIF4E, altering mRNA translation regulation and ultimately conferring resistance to treatment [@bb0385].

In pancreatic cancer, repopulation of surviving tumor cells after irradiation is one of the major reasons for recurrence of the disease [@bb0390]. It was shown that eIF4e phosphorylation is related to resistance to the chemotherapeutic agent Gemcitabine [@bb0395] and also to promote epithelial-mesenchymal transition (EMT), which can be reverted by inhibition of Mnk [@bb0400]. Taken together, these articles suggest significant implications of eIF4E increased expression and phosphorylation in the development of resistance to chemotherapeutic agents.

EIF4E Targeted Therapies {#s0050}
========================

As mentioned above, since eIF4E overexpression and phosphorylation is linked to resistance to many targeted therapies, several approaches to decrease eIF4E protein synthesis, coupling with eIF4G or its phosphorylation have been tested in pre-clinical models. In addition to Mnk inhibitors that suppress eIF4E phosphorylation, other attempts to develop eIF4E inhibitors have yielded considerable results. Galeterone (gal), or TOK-001, is a potent AR and CYP17A1 inhibitor, that in LNCaP, CWR22Rv1 and PC-3 prostate cancer cells have been shown to decrease phosphorylation of eIF4E, mainly because of its action in depleting Mnk protein expression [@bb0405]. Prostate cancer cells treated with gal and its analog VNPT55 also affected migration, invasion and expression of EMT factors. Downstream targets of eIF4E such as Cox-2, Mcl-1 and Cyclin D1 were also suppressed in gal/VNPT55 treated LNCaP [@bb0405]. Galeterone (gal) was designed to inhibit proliferation of AR-dependent prostate cancer cell in vitro and in vivo and is currently in phase III clinical development [@bb0405]. Preclinical studies with gal show that it exhibits strong antiproliferative activities against AR-negative prostate cancer cells and tumors through a mechanism involving phosphorylation of eIF2α. Gal also inhibit migration and invasion of prostate cancer cells via inhibition of Mnk-eIF4E [@bb0405]. Thus a new class of compound is emerging that will be able to effectively inhibit eIF4E in addition to AR transcriptional activity, so as to avoid negative feedback ([Table 1](#t0005){ref-type="table"}).Table 1Drugs that affect the functioning of eIF4E.Table 1**DrugTarget/actionMechanism of inhibition of eIF4E**GaleteroneAR and CYP17A1Depletes Mnk protein expression causing suppression of eIF4E phosphorylationVNPT55Galeterone analogDepletes Mnk protein expression causing suppression of eIF4E phosphorylationVNLG-152Dual AR/Mnk inhibitorPrevents eIF4E phosphorylationVNHM-1-81, VNHM-1-66 VNHM-1-73AR/Mnk degration inducersDepletes Mnk protein expression causing suppression of eIF4E phosphorylationRibavarinGuanosine analogInhibits eIF4E binding to m7G cap4EGI-1eIF4E/eIF4G interactionPrevents eIF4E binding to eIF4GRetinamidesRetinoic acid metabolismInduce Mnk1/2 degradationLigustrazineAnti-angiogenicDecreases eIF4E phosphorylation, reduced eIF4E levelsC-KβBAAnti-proliferative, pro-apoptoticInhibits cap-dependent translationeFT508Mnk1/2Inhibits Mnk1/2 phosphorylation of eIF4EBAY1143269Mnk1/2Inhibits Mnk1/2 phosphorylation of eIF4E

Ribavirin is a guanosine analog that stops viral RNA synthesis and interfere with viral replication therefore has a broad spectrum activity against RNA and DNA viruses [@bb0410] This well-known anti-virus drug is usually used to treat hepatitis-C infections, but presents wide range effects on mTOR and MEK pathways. Ribavirin mimics the mRNA m^7^G cap-binding site competing with eIF4E binding and decreasing translational potential of phosphorylated eIF4E in the eIF4F complex therefore it has been used as an anti-oncogenic drug, demonstrating decrease in onco-proteins such as Mcl-1 [@bb0410].

4EGI-1 (eIF4E/eIF4G interaction inhibitor) is a direct competitor of eIF4E to the eIF4G binding site that prevents formation of the translational initiation complex [@bb0415]. By disrupting eIF4F formation, 4EGI-1 decreases eIF4E phosphorylation by Mnk, since this phosphorylation occurs once both are bound to the scaffolding protein eIF4G, consequently reducing the amount of weak mRNAs that are translated by a cap-dependent mechanism such as c-MYC and Bcl-xL, and the epithelial-mesenchymal transition (EMT) factor Snail [@bb0420]. Also, 4EGI-1 is thought to have higher effect in tumorous cells than in normal tissues because of the dependence of cancer cells on cap-dependent translation. [@bb0415]

C-4 heteroaryl 13-cis-retinamides (Novel Retinamides, NRs) are a series of Retinoic acid metabolism blocking agents, which were demonstrated to have potent anticancer and growth inhibitory effects in human breast and PCa xenograft models. [@bb0310]. In prostate cancer cell lines, the compounds induce Mnk1/2 degradation and suppress eIF4E phosphorylation, while also inducing the degradation of both full-length AR and a splice variant (AR-V7) [@bb0310]. Mbatia and colleagues demonstrated that this class of compounds mainly decrease eIF4E phosphorylation by ubiquitin-dependent degradation of Mnks in breast cancer and also decrease AR transcriptional levels in PCa cells [@bb0310]. Variants of these NRs compounds significantly decrease growth of castration-resistant prostate cancer CWR22Rv1 xenografts and induced apoptosis *in vivo* [@bb0310].

Ligustrazine (Tetramethylpyrazine or TMP) is a plant extracted compound used in traditional Chinese medicine for the treatment of neurovascular and cardiovascular diseases [@bb0425]. TMP carries anti-angiogenic properties and has been tested for its antitumor activity showing promising results in prostate cancer cells with little effect on normal prostate cells [@bb0430]. Although its mechanism of action is not fully understood, TMP was shown to decrease in a dose dependent fashion the phosphorylation of mTOR and its downstream proteins 4EBP1 and P70S6K, affecting amounts of free eIF4E and decreasing cap-dependent translation. Contrary to some mTOR inhibitors, eIF4E phosphorylation at Ser209 was decreased in TMP treated PC-3 cells, and overexpression of either eIF4E or its kinase Mnk renders resistance to Ligustrazine, demonstrating that cap-dependent translation inhibition is crucial for TMP effect in these cells [@bb0430]. Ligustrazine (TMP) dose- and time-dependently inhibited the growth of CRPC cells by reducing their proliferation and promoting apoptosis, by inhibition of the activation of mTOR and downstream targets critical for cell growth [@bb0430]. Pull-down assays with 7-methyl- GTP Sepharose 4B beads indicated that Ligustrazine reduced eIF4E levels, and inhibited cap-dependent translation. Ligustrazine-induced inhibition of proliferation and induction of apoptosis could be overcome by overexpression of eIF4E in these cells [@bb0430].

A semisynthetic triterpenoid derivative, 3-cinnamoyl-11-keto-β-boswellic acid (C-KβBA) exhibits antiproliferative and proapoptotic effects in PC-3 prostate cancer xenografts *in vivo* [@bb0435]. This compound was found to inhibits the cap-dependent translation machinery, decreases expression of eIF4E and cyclin D1, and induces G(1) cell-cycle arrest [@bb0435]. In contrast to conventional mTOR inhibitors, C-KβBA does not activate Akt and extracellular signal-regulated kinase pathways. It binds to the FKBP12-rapamycin-binding domain of mTOR with high affinity [@bb0435].

Graff et al. presented data on an eIF4E-specific antisense oligonucleotides (ASOs) that binds and target eIF4E mRNA for degradation, decreasing by 50% the amount of mRNA and effectively reducing protein levels by 80%. In pre-clinical models, ASOs demonstrated significant decrease of eIF4E targeted onco-proteins translation [@bb0440] but failed to achieve tumor response in phase I/II clinical trials [@bb0445]. However, some of the other drugs targeting eIF4E mentioned above are now in clinical development and may be of more widespread use in the future.

Finally, two Mnk selective inhibitors are in clinical tests for advanced solid tumors: Bayer\'s BAY1143269 and eFFECTOR\'s eFT508, an orally available Mnk1/2 inhibitor that is being tested in phase II clinical trials for hematological tumors and phase I solid tumors including prostate cancer.

Concluding Remarks {#s0055}
==================

This review describes the mechanisms by which eIF4E expression and phosphorylation mediates the resistance of prostate cancer and related diseases to various therapies, including hormonal therapy, chemotherapy and mTOR inhibitors. The studies referenced above demonstrate that inhibition of eIF4E by itself is unlikely to be of therapeutic value in prostate cancer or for that matter, other cancers as well; but when in combination with inhibitors of other pathways, drugs that prevent the activation of eIF4E, whether by inhibiting its phosphorylation, or its binding to the scaffolding protein eIF4G or to the m7G cap of target mRNAs, are likely to be of significance in preventing the progression of prostate cancer to a castration resistant state.
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